The fragile X syndrome (FraX), the most common inherited form of mental retardation, has been located to Xq27.3. As a step in the molecular analysis of this mutation, we have cloned a contiguous 1.8 Mb region containing the entire fragile X region in YAC and cosmid clones. The cloned area defines a region of 50 kb containing a CpG island, found to be selectively methylated in patients expressing the fragile X phenotype. In this 50kb area we have localised the breakpoints of four somatic cell hybrids selected to break at the position of the fragile site. Fluorescence in-situ hybridisation of cosmids flanking this area shows that the breakpoints, the CpG island and the fragile site coincide.
INTRODUCTION
The fragile X mental retardation syndrome is the most frequent inherited form of mental retardation and the second most common cause of mental retardation after Downs syndrome (1) . It is characterised cytogenetically by the presence of a fragile site at the position Xq27.3, which can be induced in-vitro by growth of cells under conditions reducing the availability of precursors for DNA synthesis (2) . The relationship between the fragile site and the syndrome is not understood, and it is not clear, if the position defining the region of fragility will coincide with the position of the mutation, which can be localised by the analysis of recombination events. The position of the mutation, in turn, can be different from the position or positions of the genes, which are involved in the expression of the phenotype of this disease (mental retardation, macroorchidism, facial abnormalities).
The FraX syndrome is unusual in showing partial penetrance in both males and females. Especially striking is the observation of phenotypically normal males, who transmit the mutation to daughters, who generally again show no phenotype, while their grandchildren show normal penetrance of the disorder (3) . To explain some of the features of the disease and its unusual pattern of inheritance, a number of models have been proposed, which might become testable during the molecular analysis of the region surrounding the mutation. First indications of selective methylation of sequences close to the fragile site (4, 5) can be taken as evidence in favor of a model proposed by Charles Laird (6, 7) , which postulates a local defect in the reactivation of inactivated X chromosomes as the primary cause of mutation, leading to a region of late replication, and therefore to the appearance of a fragile site close to the position of the mutation.
MATERIALS AND METHODS
Derivation of probes Probes VK21, Do33 and 2.34 have been described before (8, 9 Fluorescence in-situ hybridisation Fragile sites were induced by incubation with excess thymidine for 24 hours before harvest. Fluorescence in-situ hybridisation was carried out as described (16) library constructed from DNA from GM1416B, a lymphoblastoid cell line containing four X chromosomes (12) . To verify the fidelity of the clone coverage, and to rule out the products of possible rearrangements or coligation events from further analysis, restriction maps of the isolated clones were determined using enzymes cutting rarely in mammalian DNA. To be able to compare the structure of the clones with that of the genomic DNA, a precise PFG map was also established in GM1416B, the cell line used to construct the YAC library (Fig.1 ). This comparison is especially useful, since the DNA of GM1416B is relatively undermethylated, in contrast to both leukocyte DNA as well as the DNA of the cell hybrids used by us in establishing the map of the entire region (17) , allowing an easier comparison to the map constructed on (inherently non-methylated) YAC (Fig. 1) , which contains sites for the restriction enzymes Narl, NaeI, NruI, SacII and BssHll, and has been found (4, 5) to be selectively methylated in mentally retarded FraX males.
PFG analysis of Y1 showed that this clone extended beyond the position of the CpG island by app. 23 kb (Fig. 2a) . To find out if the clones hybridising to the probes distal of the island and clones coming from the proximal side overlap, Southern blots of YAC DNA digested with EcoRI were hybridised to an Alu repeat probe (20) as well as to probes from both sides of the FraX region (Fig. 2b) . This (10) , which detects a common band between the clones Y47 and Y 1.
Isolation of cosmids
To improve the level of resolution of the clones we covered the more immediate area of the CpG island by a cosmid walk of 250 kilobases (Fig. 3b ). Cosmids were isolated from an X chromosome specific library constructed from the cell line GM1416B (14) as well as from an Xq28 specific cosmid library constructed from the cell line QIZ (A.P., unpublished), one of the cell hybrids selected to break at the position of the fragile site (19) , and translocated onto a rodent chromosome.
Localisation of cell line breakpoints
From the PFG analysis and from the maps of the YAC and cosmid clones it became clear, that the probes Do33 and 2.34 previously shown to map closest to the fragile X mutation by genetic and physical mapping techniques (9) were separated by at most 300 kb and that they were likely to flank the breakpoints of the cell hybrids selected to break at or close to the fragile site. We therefore used probe 189 (the end of Y1) and probe 6.2 (end of Y16) flanking the CpG island to hybridise Southern blots of restriction digests of the FraX hybrids (18, 19) . The results (Fig.  3a, 3b) demonstrate the very close clustering of the breakpoints.
While four out of five hybrids (QIZ, QIV, h-g+, micro-21D), which were all derived in independent experiments break between probes 189 and 6.2, the breakpoint of hybrid QIAD maps more distally, between 35B and 189 (data not shown). 1,3,4 ) and the same patient as above (lane 2) using PFG conditions resolving larger fragments (0.5 xTBE, 0.8% agarose, pulse time 10-20 min. for 3 days at 70V and 12 deg.C). Both the proximal probe (6.2) and the distal probe (189) identify the same large band of app. 2.7 Mb in the patient DNA, corresponding in size to the sum of the bands observed in the DNA of normal males.
Since both the majority of the cell lines containing Xq27.3-qter (Q1V, Q1Z and h-g +, distal hybrids) and the cell line extending from Xq27.3 to pter (micro-21D, proximal hybrid) are found to break within a distance of app. 50 kb it is likely, that this interval defines the region of chromosomal fragility associated with the fragile site. This assumption is exciting, since the close proximity of the breakpoints of distal hybrids with the breakpoint in the proximal hybrid seems to rule out the possibility of exonucleolytic degradation of the chromosome fragments before their ligation to hamster chromosomes.
Mapping of the fragile site by in-situ hybridisation experiments To show that this interval is very close to the position of the fragile site, we carried out fluorescence in-situ hybridisation using cosmids from the region (Fig. 3b) (Fig. 4) , while cosmid 7172 is found either proximal or distal to the cytogenetic fragile site in different metaphases of two different patients analysed (Fig. 4) . This localisation of the cytogenetically observed fragile site to this region has also been verified in parallel experiments by Heitz et al. (21) , in which a YAC clone spanning part of the region described here was found to hybridise to both sides and throughout the fragile site. Selective methylation of sites in the breakpoint region As shown in figure 5 , this short region defined by the cell hybrid breakpoints might be directly implicated in the expression of the FraX phenotype, since a number of sites in the CpG island (BssHll, SacII, NaeI) are highly methylated in fragile X patients (15 out of 16) . While control males show shorter restriction fragments with the either distal (189) or proximal probes (6.2) (Fig. 5a,5b) , a common large fragment corresponding to the sum of the two shorter fragments can be observed in FraX patients. the observation of selective methylation of sites in the CpG island is in good agreement with the hypothesis of Laird (6), proposed to explain the unusual pattern of inheritance of this mutation. Since methylation of sites in this CpG island has been found to be absent in males which carry the mutation, but do not express the FraX phenotype, it is tempting to speculate, that some or all phenotypic consequences of the disease could be due to the influence of this methylation on the expression of genes located in the area. High resolution comparison of the FraX and wild-type form of the region Since the high rate of mutation postulated for FraX (22, 23) seems to make its formation by point mutations unlikely, we carried out a detailed comparison of sequences of the FraX and wild type forms of a large part of the region. A 170 kb region distal to the CpG island was analysed by comparing restriction digests of clones isolated from libraries GM1416B (normal chromosome) and QIZ respectively (FraX chromosome) (Fig. 3b) . In addition the sequences spanned by the cosmids XII, 494 and 7172 were analysed. These experiments were carried out by hybridising radiolabelled cosmids prehybridised to total human DNA to suppress hybridisation of repeat sequences to Southern blots of normal and patient DNA restricted with EcoRI or PstI (data not shown). No obvious differences were found, though differences in the low molecular weight bands, as well as in the remaining gap in the cosmid clone coverage can not be ruled out. Results up to now indicate the absence of larger insertions or deletions in this area.
Though this analysis has therefore been able to localise the area involved in the formation of the fragile site, and has identified a selectively methylated region likely to be involved either directly or indirectly in the fragile site formation, we have not yet localised the position of the fragile X mutation itself. Analysis of the region in FraX and wild-type chromosomes does however indicate the absence of major rearrangements (insertions or deletions larger than a few kb) within a large fraction of the region of 250 kilobases surrounding the methylated CpG island. If verified over the entire region, this would either indicate a smaller mutation, or could be compatible with a mutation caused by a larger rearrangement located outside the region analysed.
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